We studied the effects of �-monomethyl-L arginine (L-NMMA) and NW-nitro-L-arginine (L-NNA) on the selective ATP and adenosine-induced enhancement of intratumoral blood flow in rats measured by the hydrogen clearance method, Both adenosine and ATP produced a selective enhancement of the intratumoral blood flow, Neither L-NMMA nor L-NNA had a significant effect on either the CBF or the intratumoral blood flow. Adeno sine-induced enhancement was not inhibited by L-NMMA or L-NNA. On the other hand, the ATP- We previously reported that ATP was supposed to act like adenosine after degradation (Baba et aI., 1989). However, our recent study has disclosed a difference in the effects between A TP and adeno sine: Adenosine directly affected the PI purinocep tor of the vascular smooth muscle, while ATP did not influence it (unpublished data).
induced enhancement was totally inhibited by both L-NMMA and L-NNA. The inhibitory action of L-NMMA against ATP was blocked by L-arginine, but not by D-argi nine. It is suggested that the ATP-induced increase of intratumoral blood flow is evoked by nitric oxide synthe sized from the endothelium of the intratumoral blood ves sels. Key Words: Adenosine-Adenosine triphosphate C6 glioma-NG-Monomethyl-L-arginine-NW-Nitro-L arginine-Regional cerebral blood flow. sodilatation induced by acetylcholine was mediated through the release of a substance derived from the endothelium (endothelium-derived relaxing factor; EDRF). This observation has since been confirmed and expanded, and it is now recognized that the release of EDRF is responsible for the dilator re sponse to acetylcholine, bradykinin, and ATP in a variety of animal and human arteries and veins (De Mey and Vanhoutte, 198 1; Fujiwara et aI., 1986; Greenberg et aI., 1987) . Furthermore, EDRF has also been identified as nitric oxide derived from the amino acid L-arginine, the synthesis of which is block stereospecifically by the arginine analogues � -monomethyl-L-arginine (L-NMMA) (Palmer, et aI., 1988; Rees et aI., 1989a) and NW-nitro-L arginine (L-NNA) (Ishii et aI., 1990) . L-NMMA in hibits endothelium-dependent relaxation in vitro (Palmer et aI., 1988; Rees et aI., 1989a) , elevates blood pressure in the rabbit (Rees et al., 1989b) , rat (Tolins et aI., 1990) , and guinea pig (Aisaka et aI., 1989) , and has recently been shown to reduce rest ing, and acetylcholine-stimulated, blood flow in the human forearm (Vallance et aI., 1989) .
We investigated the effects of L-NMMA and L-NNA on the selective enhancement of intratu-moral blood flow induced by A TP and adenosine and discuss the potential role of nitric oxide for these ATP and adenosine actions.
MATERIALS AND METHODS
Thirty-six male Wistar rats weighing 250-300 g were used for the experiment. C6 glioma cells were intracere brally implanted 14-28 days prior to the experiment.
Tumor inoculation
C6 is a cell line derived from a rat glioma induced by N-nitrosomethylurea (Benda et at., 1968) . The C6 glioma cells were kept frozen until use, then thawed and culti vated in Ham's F-IO medium containing 10% fetal calf serum for 72 h. Tumor cells (5 x 105 in 5 j..l l solution) were injected into the right cerebral hemisphere of the rats by means of a Hamilton syringe using a stereotaxic appara tus. The injected point was 5 mm lateral to the bregma and 4 mm vertically deep from the dural surface.
Animal preparation
Deep halothane anesthesia (Fluothane, 1.0-1.5%) was given through a tracheotomy. The right external carotid artery was cannulated to administer the drugs retro gradely into the internal carotid artery. The pterygopala tine artery was coagulated. The right femoral vein and artery were also cannulated for the administration of drugs and for monitoring arterial blood pressure and blood gas analysis, respectively. After the animal was mounted onto a stereotaxic apparatus, two burr holes were made in the parietal bone; one was 5 mm lateral to the bregma (pre-burred hole used) and the other was 2-5 mm posterior from it or 5 mm contralateral to the bregma. The animal was immobilized with pancuronium (0.6 mg/ kg i. v.) and artificially ventilated by means of a respira tor. During the experiment, anesthesia was maintained with 0.4-0.6% halothane, rectal temperature was kept at 37°C by means of a homeothermic blanket system (Palmer Bioscience, U.K.), and end-tidal CO2 was main tained between 3.6 and 4.2% by adjusting the respiratory rate (60-70 cycles/min) and/or tidal volume. Just before blood flow measurement, the arterial blood samples were taken for blood gas analysis (Corning 168 pH blood gas system).
Blood flow measurement
The regional CBF (rCBF) was measured by a hydrogen clearance method with a digital tissue blood flowmeter (digital UH-meter model MHG-Dl; Unique Medical Co., Tokyo, Japan). Two Teflon-coated platinum electrodes, 0.2 mm in diameter, with a I-mm portion at the tip un coated and plated with platinum black, were inserted through the burr holes. The referred electrodes were Ag/ AgCl electrodes inserted under the skin. After a 10% hy drogen gas mixture was administered for 1 min, a hydro gen clearance curve was charted. The rCBF was auto matically calculated from the clearance curve by using the formula of Aukland et at. (1964) and was digitally displayed.
Experimental protocol (Figs. 1 and 2) Adenosine (Sigma) was dissolved in saline at a concen tration of 47 j..l g/mt. ATP disodium salt (Sigma) was dis solved in saline at a concentration of 100 j..l g/mt. A TP and adenosine have approximately the same molecular con- Group 3 T· cont L-NNA Table 2 , Fig. 4 
centration. L-NMMA (Calbiochem) was dissolved in sa line at a concentration of 0.5 mg/mt. L-NNA (Fluka) was dissolved in saline at a concentration of 50 j..l g/ml. L-and D-Arginine (Sigma) were dissolved in saline at a concen tration of 75 mg/mt. Study fa: effect of ATP or adenosine on rCEF. The 18 tumor-implanted rats were separated into three groups (Groups I, 2, and 3). In Group 1, the regional blood flows in the tumor and extra tumoral ipsilateral hemisphere (basal ganglia) were measured before adenosine or ATP administration for control, with intracarotid administra tion of saline at a rate of 0.025 ml/min. lntracarotid aden osine or ATP was then given at the same speed. The dose of adenosine was 4.7 j..l g/kg/min, while that of ATP was 10 j..l g/kg/min. After blood pressure was stabilized, the re gional blood flow was measured during administration of the drug.
In Groups 2 and 3, the regional blood flows in the tumor and contralateral hemisphere (basal ganglia) were mea sured before and during adenosine or A TP administration as in Group 1.
Study fb: effect of L-NMMA or L-NNA on rCEF. After Study la, L-NMMA was administered continuously through the right femoral vein at a speed of 3 mllh (100
fLg/kg/min) for Groups 1 and 2. L-NNA was administered continuously through the right femoral vein at a speed of 3 mUh (10 fLg/kg/min) for Group 3. Both before and during the administration, rCBF in the tumor, ipsilateral hemi sphere, or contralateral hemisphere was measured during intracarotid administration of saline at a speed of 0.025 mllmin.
Study Ic: effect of L-NMMA or L-NNA on selective enhancement of intra tumoral bloodflow. After Study Ib, either adenosine or ATP was administered by the intra carotid route. The doses and speeds were the same as in Study la. After the blood pressure was stabilized, the regional blood flow was measured during administration of the drug.
Study IIa: effect of L-or D-arginine on rCBF. Another 18 tumor-implanted rats were separated into three groups. In all the rats, burr holes were made in the bilat eral parietal bone. L-arginine was administered to Group 4. o-Arginine was administered to Group 5. The doses of L-and o-arginine were 300 mg/kg. Saline was adminis tered to Group 6 as a control. The dose of saline was 4 mllkg, which was the same volume as used in Groups 4 and 5.
Intracarotid ATP was then administered and rCBF was measured as in Study la.
Study IIb: effect of L-NMMA after pretreatment with L or D-arginine on selective enhancement of intratumoral blood flow. After Study IIa, L-NMMA was administered as in Study lb. ATP was then administered while rCBF was measured as in Study Ic.
Histological studes
After completion of the experiments, the rats were killed with an overdose of pentobarbital sodium (Nem butal), and the brains were removed and fixed with 10% formalin. The specimens were sectioned, macroscopi cally examined, embedded in paraffin, and stained with hematoxylin and eosin. The electrode tracks were exam ined, and any data obtained from brains suffering massive hemorrhage or necrosis were excluded from the analysis.
Statistical analysis
The data were expressed as means ± SD. Statistical comparisons between the same regions before and during the administration of adenosine, ATP, or L-NMMA were determined using the paired Student t test. Statistical comparisons between the rats before and after adminis tration of L-NMMA at the same dose of adenosine or A TP were determined using the unpaired Student t test. Com parisons for Groups 1, 2, and 3 were determined using the unpaired Student t test. A probability of ",, 0.05 was con sidered significant.
RESULTS

Physiological status
In control animals pH, P aco2, and P a02' were 7.41 ± 0.04, 37. 1 ± 2. 4 mm Hg, and 83.9 ± 16. 4 mm Hg, respectively. Before drug administration, the mean arterial pressure was 115.3 ± 15. 2 mm Hg. In all subgroups, the mean arterial pressures did not sig nificantly change except for Group 1 and 2 of Study Ib ( Table 1 ). The end-tidal CO2 was measured (3.9 ± 0.3%) and did not significantly change throughout all subgroups.
Effect of L-NMMA and L-NNA on mean arterial pressure, end-tidal CO2, and regional blood flow of tumor and normal brain
The intravenous administration of L-NMMA had no significant effect on the regional blood flow or end-tidal CO2, but evoked a slight increase in the mean arterial blood pressure (Table 1) .
L-NNA had no significant effect on the mean ar terial pressure, end-tidal CO2, or regional blood flow ( Table 2) . (Baba et al., 1989) and showed that with PET, the clinical use of ATP increased the intratumoral blood flow of glioma pa tients (Baba et ai., 1990) .
Our recent experiment showed that the mecha- 
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L-NNA nosine degraded from ATP (Fujiwara et aI., 1986) . Blood vessels in human cerebral tumors (Hirano and Matsui, 1975) and the rat glioma model (Nishio et ai., 1983 (Nishio et ai., , 1986 show various structural and cy tochemical changes. Ultrastructural examination revealed that the endothelial cells of the tumor ves sels frequently show structural alterations as com pared with those of the normal vessels, such as at tenuation, thickening, and/or abnormal endothelial junctions (Nishio et ai., 1983 (Nishio et ai., , 1986 . These struc tural and cytochemical changes resulted in an al tered vascular responsiveness to vasoactive sub stances. Some microvessels in tumor have one or two smooth muscle cell layers (Nishio et ai., 1983) .
So, it might be surmised that this altered vascular responsiveness in tumor created an overreaction to A TP, and thus the abnormal smooth muscle in the tumor microvessels caused a selective vasodilata tion of tumor.
In our present study, the extratumoral blood flow was not changed by the administration of L-NMMA and L-NNA. It was reported that L-NMMA elevates blood pressure in the rabbit (Rees et ai., 1989b) , rat (Tolins et ai., 1990) , and guinea pig (Aisaka et ai., 1989) . However, since the doses of L-NMMA in our study were smaller than those in previous studies, 
